We study optical and magneto-optical (MO) properties of epitaxially grown modulated Fe-Pt multilayer metamaterials by means of generalized MO ellipsometry (GME). Large Kerr rotation, ellipticity, and MO coupling parameters in the visible and near-infrared regions are obtained for modulated metamaterials, in which the stacking sequences follow an inverse Fibonacci series. In contrast, periodic multilayers show small MO parameters, although they otherwise exhibit magnetic and optical properties that are very similar to those for the modulated metamaterials. The present study demonstrates that specific thickness modulation can have a significant materials design potential for one-dimensional magnetic metamaterials.
I. INTRODUCTION
An emerging important issue in condensed matter physics and materials science is symmetry breaking [1, 2] . Short-range translational symmetry is broken in quasiperiodic systems [3, 4] and quasicrystals [5] . In particular, patterned materials on the nanoscale with specific modulations that are based on quasiperiodicity show intriguing phenomena [6] [7] [8] [9] [10] [11] [12] . A plasmonic structure consisting of the modulated metallic and dielectric multilayers, for which the stacking sequences follow a Fibonacci series, demonstrated experimentally an enhancement of light-matter interaction [13] . The stacking sequences in multilayers are also found to modulate interaction between plasmonic metallic layers [14] . Since the multilayers consist of thin layers much smaller than the wavelength of light, they can be referred to as multilayer metamaterials. These results observed in such plasmonic multilayer metamaterials motivate an investigation of magnetic counterparts, i.e., modulated magnetic multilayer metamaterials.
Periodic multilayers consisting of magnetic transition metals, for example, iron (Fe), separated by nonmagnetic metals, for example, platinum (Pt) [15] [16] [17] [18] [19] [20] , have attracted considerable interest, especially in the context of perpendicular magnetic recording media [21] [22] [23] [24] [25] . It is anticipated that broken short-range translational symmetry in magnetic multilayers leads to modulation in exchange coupling between magnetic layers, resulting in intriguing magnetic phenomena [26] [27] [28] [29] . Indeed, modulated magnetic multilayer metamaterials were theoretically predicted to give rise to anomalous magnetic resistance [30] and ferromagnetic resonance [31] , and were experimentally demonstrated to bring about quasi-isotropic magnetization [32] . Nevertheless, enhancement of light-matter interaction in such modulated magnetic multilayer metamaterials has yet to be explored experimentally. Because, in a magnetic system, the exchange coupling can be modulated on the nanometer length scale, precise control in layer thickness and stacking is indispensable. Therefore, in this paper, epitaxial-growth techniques in ultrahigh vacuum are utilized to prepare Fe multilayers separated by Pt spacers, whose thickness is represented by inverse Fibonacci numbers, that is to say, modulated Fe-Pt multilayer metamaterials.
In our work here, we study optical and magneto-optical (MO) properties of the modulated Fe-Pt multilayer metamaterials by means of ellipsometry, namely generalized MO ellipsometry (GME) [33, 34] , at several wavelengths in the visible and near-infrared region. GME's main advantage is the ability to investigate complex MO parameters with unprecedented precision, since it allows one to determine optical and MO properties simultaneously [33] [34] [35] [36] [37] [38] [39] . In addition, the dispersion of the parameters can be obtained through spectroscopic GME measurements [40] [41] [42] . For our work, it is also relevant to notice that the light penetration depth in our material systems is lower than the thickness of the multilayer structure. In other words, seed layers, buffer layers, and substrates utilized in the epitaxial-growth technique do not contribute to the GME signal. In this way, we may observe enhanced light-matter interaction in the modulated magnetic metamaterials using surface-sensitive GME.
The present study highlights that, by introducing a modulation in the magnetic multilayer metamaterials, the MO coupling constant (Q) can be altered, while the refractive index (N ) remains nearly unchanged. An important feature of metamaterials is the independent control of electromagnetic parameters, e.g., electric permittivity and magnetic permeability [43] [44] [45] [46] [47] [48] , resulting in interesting phenomena, for example, a negative index of refraction [49] . We demonstrate here the possibility of independent control of the MO parameters in magnetic multilayer metamaterials. Furthermore, the present work opens the door of magnetic metamaterials for possible applications, such as, for example, new metamaterials for magnetoplasmonic detection to be utilized in biosensing [50] [51] [52] [53] , which rely on optimized or generally enhanced MO coupling effects.
II. EXPERIMENTAL PROCEDURES
The multilayers are epitaxially grown on single-crystal MgO(100) substrates using an electron-beam evaporation technique in ultrahigh vacuum. Figures 1(a) and 1(b) show schematic sample structures. Gray and yellow colors correspond to Fe and Pt layers, respectively. We prepare two types of epitaxially grown Fe-Pt multilayers: a periodic multilayer (PM) [ Fig. 1(a) ] as a control structure and a modulated multilayer referred to as inverse Fibonacci multilayer (IFM) metamaterials [ Fig. 1(b) ]. In the following, the number next to the element symbol corresponds to film thickness in angstroms; for example, Fe10 represents a Fe layer with a thickness of 10 Å. In order to obtain epitaxially grown multilayers, an Fe10 seed layer followed by a Pt100 buffer layer is deposited on a single crystal MgO substrate.
The actual metamaterial structure comprises intercalated Fe and Pt layers. The Fe layer thickness is identical in both the PM and IFM samples, namely, 5 Å. As for the Pt, in the PM sample, the thickness of the Pt layer is constant at 20 Å [54, 55] . The Fe5/Pt20 structure is repeated 13 times on top of the buffer layer, and the PM sample is thus represented by the sequence MgO/seed Fe10/buffer Pt100/[Fe5/Pt20] 13 . In contrast, in the IFM sample, the thickness of the Pt layers is not constant. Instead, its thickness gradually decreases following the Fibonacci number F n , which can be written by a recursive formula given as F n+2 = F n + F n+1 , where F 0 and F 1 correspond to 0 and 1, respectively. In this way, the nth Pt layer has a thickness corresponding to 20 Å divided by F n from n = 1 to n = 6. The sequence is repeated twice in the sample and finally terminated by Fe5 and Pt20; namely, the IFM sample is represented by MgO/seed Fe10/buffer Pt100/[Fe5/Pt20/Fe5/Pt20/Fe5/Pt10/Fe5/Pt7/Fe5/Pt4/Fe5/ Pt3] 2 /Fe5/Pt20. In GME measurements, a p-polarized light beam with an angle of incidence of 45 • and wavelength λ ranging from 450 to 850 nm passes through a linear polarizer P 1 with its polarizing axis at an angle θ 1 from the s polarization. After being reflected on the sample surface, the light beam passes through a second linear polarizer P 2 with its polarizing axis at an angle θ 2 from the s polarization. The light intensity I after P 2 is detected by a photodiode. The sample is placed between the poles of an electromagnet that generates a magnetic field contained in the intersection between the plane of incidence of the light and the plane of the sample. As the sample magnetization ±M is consequently aligned in the in-plane direction and the applied field (±1.2 kOe) is sufficient to saturate the samples (see Fig. 2 ), the longitudinal MO Kerr effect (LMOKE) configuration is achieved [see Fig. 3 (a)].
III. RESULTS AND DISCUSSION

A. Multilayers characterization
The epitaxial growth of (100) planes of the seed Fe and buffer Pt layers on the substrate is confirmed by in situ reflection high-energy electron diffraction (RHEED). In-plane magnetization hysteresis loops are measured utilizing a MicroMag 3900 vibrating sample magnetometer (VSM). The results are shown in Fig. 2 for PM (black) and IFM (red) samples. As observed, given that both samples have the same Fe content (total Fe thickness of 75 Å, including 10 Å of the seed layer), their magnetic moment per sample area unit is the same. In addition, both have a similar reversal path, although the IFM sample saturates at slightly lower fields.
B. GME measurements
The GME measurements of the samples are carried out utilizing a wavelength-tunable laser to add spectroscopic capabilities to the GME setup used in Refs. [37, 39] . The setup is sketched in Fig. 3(a) . The key quantity to be measured in GME is the fractional change in light intensity δI /I upon sample magnetization reversal (±M ) [33, 34] ,
which is measured for various combinations of θ 1 and θ 2 illustrated in Fig. 3 θ 1 = 90 • and θ 2 = 0 • , which is a signature of LMOKE. We also observe that the maps are different for different λ, indicating the spectral sensitivity of the method. We conduct δI /I (θ 1 , θ 2 ) measurements at several λ for both the PM and IFM samples. A fitting of each of the δI /I (θ 1 , θ 2 ) maps allows us to extract optical and MO variables of the sample [33, 34] . Specifically, we can determine with a very high precision the Kerr rotation θ K and ellipticity η K values for each λ. The corresponding θ K and η K spectra are shown in Figs. 4(a) and 4(b), respectively. Error bars correspond to standard deviation in the fitting. As we can observe, both θ K and η K are far larger for the IFM sample, which is depicted in red squares, than for the PM sample, represented by black circles. In addition, the spectra of the IFM are strongly dependent on λ; we can even observe a sign change in θ K at approximately λ = 775 nm. η K remains negative in the explored wavelength region, but suffers a 40% decrease in absolute value from λ = 550 nm to λ = 850 nm. On the other hand, both θ K and η K for the PM sample appear nearly independent of λ and are about an order of magnitude smaller than those of the IFM sample. 
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C. Enhanced MO activity in modulated multilayer metamaterial
The experimentally measured optical and MO (θ K and η K ) parameters allow us to determine the complex refractive index N = n + iκ and the complex MO coupling parameter Q = Q r + iQ i = |Q|e iφ of the material by fitting the data to an optical model. In the case of our samples, given that the thickness of the individual Fe and Pt layers is much smaller than the wavelength of the light utilized in our experiments, we perform an effective medium approximation, so that the optical properties of each sample are represented by an effective dielectric tensor with wavelength-dependent N and Q. In order to get N and Q for both samples, we calculate the optical and MO (θ K and η K ) responses of the effective medium by means of a transfer matrix method [56] and we find the best-matching N and Q that fit the experimental data. For the model calculation, the incidence angle of light is set to 45 • , as in our experiment, and the magnetization is taken to be aligned with the applied field, as the applied field magnitude is sufficient to saturate the magnetization in the GME experiment Figure 5 (a) shows the amplitude of the MO coupling |Q| as a function of λ, for IFM (red squares) and for PM (black circles) in the effective medium approximation. |Q| is about an order of magnitude larger in the IFM sample and has a clear wavelength dependence. The inset in Fig. 5 (a) displays the phase φ of Q, which has an opposite sign between IFM and PM. We recall here that, for the IFM sample, θ K in Fig. 4 Therefore, the sign change in θ K is traced back to an interplay between Q r and Q i , as well as between them and the optical constants. The real and imaginary part of the refractive index, n and κ, are found to be equal within the error bars for IFM and PM.
In the analysis above, we assume that the Fe-Pt multilayer metamaterials are effective media described by an effective N and Q. Given that PM and IFM samples contain identical volumes of Fe and show very similar in-plane magnetization curves in Fig. 2 , the similar N (not shown here) that was fitted for PM and IFM samples verifies that the effective medium approximation is reasonable. We thus conclude that Fe-Pt IFM and PM samples have a similar N but very different Q as shown in Fig. 5(a) , although they contain identical Fe volume. In other words, the effective Q of the modulated IFM sample is very much enhanced, if compared to the PM sample while retaining the same N .
D. Analysis with layer-by-layer model
A question that might arise is whether the different stacking of Fe and Pt can explain the enhanced Q in the IFM sample. Specifically, given that the IFM structure has more Fe close to the surface of the sample (because the Pt layers that are closest to the surface are thinner in IFM as compared to PM), one may argue that the enhanced Q of the medium is simply a consequence of this. However, this argument cannot explain such a massive enhancement of Q in the IFM sample. The MOKE information depth, at which the signal for the Kerr rotation is reduced to 1/e of its surface value, is calculated for both samples and for several wavelengths over the studied spectral range and is found to be in the range of 12-15 nm. Additionally, we resort to a layer-by-layer optical model that includes all the individual layers in each of the samples, in such a way that each of the materials is described by its own wavelengthdependent dielectric tensor. The refractive indices N of Pt [57] , Fe [58] , and MgO [59] are fixed utilizing spectroscopic data reported in the literature. We then obtain the MO coupling Q of Fe (Pt is assumed to have Q = 0) by fitting the experimental data to the model.
The resulting |Q| versus λ curves are shown in Fig. 5(b) , in red squares for IFM and in black circles for PM. Also with this model, the amplitude of the MO coupling is much larger for the IFM sample, thus confirming that the sole stacking of the layers does not account for the enhanced MO activity in the IFM structure. Certainly, the absolute values of |Q| obtained with the effective medium model in Fig. 5 (a) differ from those of the layer-by-layer model in Fig. 5(b) . The latter come out to be larger because in the layer-by-layer model all the MO activity is mapped onto only a fraction of the sample, namely, the Fe layers, while in the effective medium model the entirety of the sample is assumed to be magneto-optically active. Notably, |Q| obtained in Fig. 5(b) is much larger than that of bulk Fe (|Q| = 35 × 10 −3 ) at approximately λ = 633 nm [60, 61] . The inset in Fig. 5(b) shows the spectral dependencies of the phase of |Q| for the layer-by-layer model for both samples, which have a behavior similar to that of the curves in the inset of Fig. 5(a) . Overall, we consistently observe an enhanced MO activity and enhanced MO coupling Q both with an effective medium model and a layer-by-layer model of the two samples.
E. Analysis with platinum-film-induced additional MO signal
Last but not least, even if one assumes a specific MO interface effect between Fe and Pt layers [62, 63] , a simple alternative picture of local optical properties cannot consistently explain the results. As compiled in the Supplemental Material [64] , we analyze our data by including the possibility of a Pt-film-induced additional MO signal at each surface. To this end, a 2-Å-thick interfacial Pt layer is assumed to have a nonzero Q, while the Pt not at the interface has Q = 0. Fe layers are always thin, so no separation between interfacial and "bulk" properties has been considered.
We follow different approaches to try to fit optical models including magneto-optically active interfacial Pt to our experimental data. Figure 6 shows θ K and η K for both samples. The red lines in Fig. 6 show the fitting results of the data of the IFM sample with a model that reproduces the structure of IFM, including the interfacial Pt layers. The fitting parameters are the wavelength-dependent n, κ, Q r , and Q i of interfacial Pt and Fe, which are considered to be identical. The refractive indices of the rest of the materials are fixed to literature values [57] [58] [59] . As it can be observed in Fig. 6 , the experimental data are adequately fitted. The fitted n, κ, Q r , and Q i of the interfacial Pt and Fe are then utilized to calculate the optical and MO response of a multilayer system reproducing the PM sample, including the interfacial Pt layers. The resulting θ K and η K are shown as a solid black line in Figs. 6(a) and 6(b), respectively. As observed, this calculation yields θ K and η K that are substantially larger in absolute value than the experimental results. This clearly indicates that just adding a specific MO interface effect between Fe and Pt layers may not be a sufficient explanation for the different results.
In addition, as shown in the Supplemental Material [64] , we carry out further trials by fitting the data of both samples simultaneously using four fitting parameters, keeping identical Q and N between Fe and interfacial MO-active Pt; six fitting parameters, keeping identical N between Fe and interfacial MO-active Pt, but different Q; and six fitting parameters, keeping identical Q between Fe and interfacial MO-active Pt, but different N . All trials fail to reproduce the experimental data or to yield sensible Q and/or N values. The conclusion of our analysis is that there is no sensible way to describe/model both types (PM 064010-5 SATOSHI TOMITA et al.
PHYS. REV. APPLIED 11, 064010 (2019) and IFM) of samples simultaneously by a layer model, in which optical properties coming from their respective local material are just stacked and their classical response solving Maxwell equations and associated boundary conditions is considered. This failure of a local optical model is reflective of the fact that the IFM sample has a far larger MO response than the periodic one, so that this massive discrepancy cannot be explained by the simple stacking leading to more Fe and interface Pt near the surface for this structure. A more significant collective effect must be the origin of the enhanced effective MO signal in the case of the IFM sample. The boundary conditions modulated by the inverse Fibonacci series will change the overall electronic state of the IFM samples and the resulting nonlocal optical response may be most significantly modified.
IV. CONCLUSIONS
In conclusion, utilizing GME in the visible and nearinfrared regions, we find that MO parameters, i.e., θ K , η K , and Q, for the modulated Fe-Pt IFM metamaterial are far larger than those for a Fe-Pt PM reference sample. The θ K spectrum is strongly dependent on λ with a sign change at approximately λ = 775 nm. The η K remains negative in the explored wavelength region, but shows a 40% decrease in absolute value from λ = 550 nm to λ = 850 nm. Since neither Q r nor Q i changes sign, the sign change in θ K is traced back to an interplay between Q r and Q i , as well as between those and the optical constants. In contrast, the PM sample shows significantly smaller MO parameters and wavelength dependence. Although the PM and IFM samples containing identical Fe volume show very similar optical constants and in-plane magnetization curves, they exhibit vastly different MO parameters. The IFM sample has a far larger MO response than the periodic one, so that the massive discrepancy cannot be explained by the simple stacking leading to more Fe and interface Pt near the surface for this structure. A more significant collective effect must be the origin of the enhanced effective MO signal in the case of the IFM sample. The present study demonstrates the independent control of the MO and optical parameters, thus opening a door for a new avenue of modulated magnetic metamaterials, such as, for example, for magnetoplasmonic detection to be utilized in biosensing. 
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POSSIBILITY OF A PLATINUM-FILM-INDUCED ADDITIONAL MO SIGNAL
Our generalized MO ellipsometry (GME) data have been analyzed by including the possibility of a Pt-film-induced additional MO signal. We have attempted to solve step-by-step the questions regarding the similarity/dissimilarity of the two sample types and our ability to consistently model the obtained GME results . Figures S1(a) and S1(b) show schematics of inverse Fibonacci multilayer (IFM) and periodic multilayer (PM) structures, respectively. We have defined the model and sample geometries we use, in which we allow for an interface Pt (of thickness 0.2 nm at every interface), which may be different from bulk Pt. Interface Fe is not considered, because Fe is always thin, and we always fit its optical and MO constants (individually or coupled to other parameters)
We describe the different steps that we are taking in our simulation here.
Step 1a is the fit of the IFM sample only. We then applies the resulting material constants of Step 1a to the PM structure in Step 1b. In Step 2, we try the same four parameter fit of Step 1a, but try to fit both IFM and PM samples simultaneously. In Step 3, we utilize six parameters to fit the results of both structures at the same time.
Step 3a corresponds to the fit, in which complex MO coupling constant Q is allowed to be different for Fe and interface Pt.
Step 3b is the fit, in which complex refractive index N is different for Fe and interface Pt. In Table SI , we summarize the data sets that are modeled/fit and the optical parameters that are used as fit parameters. Q r Fe and Q i Fe (Q r Int−Pt and Q i Int−Pt ) are respectively assigned to real and imaginary parts of MO constant of Fe (interface Pt). n Fe and κ Fe (n Int−Pt and κ Int−Pt ) correspond to real and imaginary parts of refractive index of Fe (interface Pt), respectively.
Step 1a as shown in Fig. S2 is the fit of the IFM sample only. Figures S2(a) -S2(d) correspond respectively to B 1 , B 2 , B 5 , and B 6 parameters in the fitting [1] . Definitions of these parameters in terms of the reflection matrix 
where r s and r p are the Fresnel coefficients for s-and p-polarized light, and α accounts for the magneto-optically induced Kerr rotation. Actually,α = α/r p is the complex Kerr rotation, whose real and imaginary part are respectively the Kerr rotation θ K and ellipticity η K . Q r Fe , Q i Fe , n Fe , κ Fe obtained by the fitting are shown in Figs. S2(e) -S2(h), respectively. In Step 1a, the material constants Q, n, κ of Fe are assumed to be identical to those of interfacial MO-active Pt. This fitting gives very sensible results, even if we couple the Fe and interface Pt properties. As shown in Fig. S3 , Step 1b then applies the resulting material constants of Step 1a in Figs. S2(e) -S2(h) to the periodic structure. Figures S3(a) -S3(d) shows that the data do not match and in particular, the predicted MO-signals are far too large. This alone clearly indicates that just the different stacking sequence in the two samples may not be a sufficient explanation for the different results.
In Step 2, we use the same four parameter of Step 1a, but try to fit both samples simultaneously. Figures S4(a) -S4(d) demonstrate that this does not work, especially B 5 and B 6 cannot be properly represented. Thus, in Step 3 as shown in Fig. S5 , we utilize six parameters to fit the results of both structures at the same time.
Step 3a in Fig.  S5 shows the fit, in which Q is allowed to be different for Fe and interface Pt. This leads to an overall reasonable (but not very good) fit, in which B 1 and B 2 are fitted very well, but relevant imprecisions remain for B 5 and B 6 . More importantly, the resulting Q values become huge and have opposite sign for the Fe in Figs. S5(e) -S5(f) and interface Pt in Figs. S5(g) -S5(h). So, while this is a sensible quality fit, the resulting parameters do not make sense, which in turn disqualifies the optical model overall.
Step 3b in Fig. S6 shows the fit, in which N is different for Fe and interface Pt, and the outcome is even worse than in Step 3a. The fit is poorer than in Step 3a and the resulting optical constants also do not make physical sense.
The conclusion of all these simulations is that there is no sensible way to describe/model both types of samples simultaneously by a layer model, in which optical properties (coming from their respective local material) are just stacked and their classical response solving Maxwell equations and associated boundary conditions are considered.
Step 3a in this case leads to a reasonably good match of the experimental data, but completely unrealistically large Q values in Fe and interface Pt, which furthermore nearly compensate each other to produce conventionally sized overall MO effects. Thus, this is not a sensible model or parameter set. The reason for all of this is simply the fact that the IFM sample has a far larger MO response than the periodic one, which cannot be explained by the simple stacking, leading to more Fe and interface Pt near the surface for this structure. A more significant collective effect must be the origin of the enhanced effective MO signal in the case of the IFM sample.
